Mitochondrial transcription factor A (TFAM) plays key roles in transcription and maintenance of mtDNA. It has been reported that TFAM could promote the proliferation and tumorigenesis of cells under stressed conditions. Previous evidence showed ionizing radiation stimulated the expression of TFAM, the replication of mtDNA, and the activity of mtDNA-encoded cytochrome C oxidase. However, little is known about the mechanism of TFAM regulation in irradiated cells. In this article, we explored the role of mRNA stability in regulating TFAM expression in irradiated cancer cells. Our results showed that radiation stimulated the levels of TFAM mRNA and protein. RNA-binding protein HuR associated and stabilized TFAM mRNA to facilitate the expression of TFAM, which was enhanced by radiation. Furthermore, radiation-activated ataxia-telangiectasia mutated kinase/p38 signaling positively contributed to the nucleus to cytosol translocation of HuR, its binding and stabilization of TFAM mRNA, without affecting the transcription and the stability of TFAM. Our current work proposed a new mechanism of DNA damage response-regulated mitochondrial function variations, and indicated that TFAM might be a potential target for increasing the sensitization of cancer cells to radiotherapy.
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| INTRODUCTION
Mitochondrial transcription factor A (TFAM) is essential for the replication, transcription, and maintenance of mtDNA, [1] [2] [3] [4] [5] and is transcriptionally controlled by peroxisome proliferator-activated receptor-γ coactivator-1α/nuclear respiratory factor-1. 6, 7 It was reported that suppressing the expression of TFAM increased the sensitivity of cancer cells to chemotherapeutic drugs. 8, 9 Ueta et al 10 found that knockdown of TFAM expression increased radiation-induced apoptosis in a radioresistant squamous cell carcinoma cell line. These findings suggested that TFAM might be a promising target for the control of tumors. The expression of TFAM can be stimulated by the binding of c-Myc 11 and p53 12 to its promoter. In MDA-MB-231 cells, microRNA-199a-3p-mediated attenuation in TFAM expression correlates with cellular sensitivity to cisplatin treatment. 8 In addition, Torrens-Mas et al 13 found that knockdown of sirtuin 3, the major deacetylase of mitochondrial target proteins, affected TFAM protein level in breast cancer cells.
Previous studies reported that the stability of TFAM mRNA is related to striated muscle oxidative capacity and is mediated by RNA-binding proteins (RBPs), suggesting that mRNA stability might constitute a critical rate-limiting step in TFAM expression.
specificity to AREs to regulate the stability of mRNAs encoding stress-response and proliferation-related proteins such as cyclins, tumor suppressors, and oncogenes. 23 Ionizing radiation increases intracellular reactive oxygen species (ROS), which is generated in large concentrations by the mitochondrial respiratory chain. 24 Mitochondrial DNA is highly susceptible to damage caused by ROS. 25 Previous studies indicated that radiation increased the TFAMmediated mitochondrial biogenesis in lung cancer cells. 26 
| MATERIALS AND METHODS
| Cell culture and irradiation
U-2 OS, Hep G2, MCF7, and HCT 116 cells were from ATCC (Manassas, VA, USA) and cultured in DMEM/F12 supplemented with 10%
FBS at 37°C in a humidified 5% CO 2 incubator. Gamma irradiation was carried out in a Biobeam GM gamma irradiator (Leipzig, Germany) containing a cesium-137 source with the dose rate of 3.27 Gy/min.
| Chemicals and reagents
Cycloheximide (CHX) was from Calbiochem (Darmstadt, Germany). Table 1) .
TFAM shRNAs were purchased from OriGene (Rockville, MD, USA).
| Quantitative real-time PCR
Total RNA was extracted using RNAiso (Takara, Shiga, Japan 
| Western blot analysis
Samples were separated by SDS-PAGE and then transferred to PVDF membranes. After blocking in PBST containing 1% BSA, the PVDF membrane was incubated with primary antibody at 4°C overnight. The membrane was then washed with PBST and incubated with a corresponding HRP-linked secondary antibody for 2 hour at room temperature. Protein bands were visualized using chemiluminescence substrate and band density was analyzed with ImageJ software (National Institutes of Health, Bethesda, MD, USA).
| Messenger RNA and protein stability assays
Actinomycin D (1 μg/mL) was added to the culture medium 4 hours after irradiation. At the indicated time points, total RNA was prepared for qRT-PCR. The TFAM mRNA half-lives were calculated by being normalized to GAPDH mRNA levels and plotted on logarithmic scales. Time zero referred to the time point when actinomycin D was added to the medium. Cycloheximide (30 μg/mL) was added to the medium 6 hours after irradiation. At the indicated times, total cell lysates were prepared and analyzed by immunoblotting. Halflives of TFAM protein were calculated using a similar method as that used for mRNA.
| Immunofluorescence assay
Cells were rinsed with PBS and fixed in 4% paraformaldehyde for 30 minutes. After washing with PBS, cells were blocked with PBS containing 1% BSA and 0.3% Triton X-100 at 37°C for 1 hour. Then 
| RNA immunoprecipitation
The RNAiso and used for qRT-PCR analysis of TFAM mRNA. GAPDH mRNA, which does not bind to HuR, was used as the endogenous control.
| Clonogenic assay
Cells were seeded into culture dishes. After irradiation, the dishes were incubated for 3 weeks. Then the dishes were washed with prewarmed PBS, fixed with methanol and acetic acid (9:1), and stained with crystal violet for 15 minutes. The colonies containing more than 50 cells were counted.
| Cell proliferation assay
Cells were seeded into 24-well plates at a density of 3 × 10 4 cells per well and incubated. Every 24 hours later, the growth of the cells was estimated by digesting the cells and counting the cell numbers. Cell growth within 7 days was recorded and plotted.
| Cell cycle and apoptosis analysis
Analysis of the cell cycle distribution and the sub-G 1 population of cells was carried out on a cytoFLEX flow cytometer (Beckman Coulter, Brea, CA, USA). Briefly, cells were trypsinized then washed in PBS. After centrifugation, cell pellets were resuspended in 0.3 mL hypotonic buffer containing 0.1% sodium citrate, 0.1% Triton X-100, 10 mg/mL RNase A, and 25 μg/mL propidium iodide, and then incubated for 30 minutes at 4°C. Samples were gated to exclude cell debris and analyzed by flow cytometry in linear mode by using the CytExpert Software (Beckman Coulter).
| Statistical analysis
Statistical data are represented as mean ± SD from at least three independent experiments undertaken in triplicate. Significant F I G U R E 1 Mitochondrial transcription factor A (TFAM) expression was activated by radiation. A, Various cell lines were irradiated with 4 Gy γ-rays. Twelve hours later, TFAM protein expression was analyzed by immunoblotting. B, U-2 OS cells were irradiated with different doses of γ-rays, and the protein and mRNA levels of TFAM were analyzed by immunoblotting and quantitative PCR at the indicated time points. C, U-2 OS cells were irradiated with 4 Gy γ-rays. At different time points, the protein and mRNA levels of TFAM were analyzed by immunoblotting and quantitative PCR, respectively. *P < .05; **P < .01 differences between two groups were determined by one-way ANOVA using SPSS software (Armonk, NY, USA). *P < .05, **P < .01.
| RESULTS
| Ionizing radiation stimulates expression of TFAM
The protein levels of TFAM in U-2 OS, Hep G2, and MCF7 cells exposed to 4 Gy γ-radiation were detected. It was found that radiation stimulated the expression of TFAM ( Figure 1A ). We then detected the dose-response and post-radiation time dependency of the levels of TFAM protein and mRNA in U-2 OS cells. As shown in Figure 1B , 12 hours post exposure, the protein and mRNA levels of TFAM were upregulated with the increase of radiation dose. The results shown in Figure 1C indicate that the levels of TFAM protein and mRNA increased with the elongation of post-radiation time within 24 hours after radiation. To determine the role of TFAM in mediating radiation sensitivity, TFAM in U-2 OS and Hep G2 cells was knocked down by shRNA transfection (Figure 2A ). Mitochondrial DNA copy number is a reflection of mitochondrial biogenesis.
In the control U-2 OS and Hep G2 cells, the mtDNA copy numbers showed an increasing tendency within 12 hours after irradiation, up to approximately 3.5-fold compared to non-irradiated cells. However, after TFAM was knocked down, the irradiation-induced elevation of mtDNA copy number was suppressed ( Figure 2B ), confirming the role of TFAM in mitochondrial biogenesis. In addition, it was observed that knockdown of TFAM retarded cellular proliferation ( Figure 2C ). We further investigated whether TFAM affects irradiation-induced cell killing effects. Both the clonogenic (Figure 2D ) and apoptosis assay ( Figure 3) showed that knockdown of TFAM sensitized U-2 OS and Hep G2 cells to radiation. These results indicated that TFAM responded to irradiation and contributed to cell survival.
| Activation of ATM/p38 upregulates TFAM in irradiated cells
We next investigated whether the ATM/p38 pathway is involved in radiation-induced upregulation of TFAM. Enhanced phosphorylation of p38 was observed in U-2 OS cells 1 hour after different doses of radiation ( Figure 4A ). Application of p38 inhibitor SB203580 suppressed the elevation of TFAM in irradiated cells ( Figure 4B ).
Additionally, as shown in Figure 4C , SB203580 treatment inhibited the upregulation of TFAM mRNA in irradiated U-2 OS cells. We fur- Taken together, activation of ATM/p38 signaling in irradiated cells promoted the expression of TFAM.
| HuR contributes to TFAM expression in irradiated cells
To 
| HuR binds and stabilizes TFAM mRNA in irradiated cells
As HuR is a well-known RNA-binding protein, we next examined whether HuR binds TFAM mRNA. Through a RNA-IP followed by qRT-PCR assay, it was confirmed that HuR bound the mRNA of SB203580 treatment (Figure 11 ). These results showed that p38
promoted HuR cytosolic translocation in irradiated cells.
| DISCUSSION
Following irradiation, mtDNA confronts elevated mitochondriaderived active radicals and direct-hit beams, resulting in mtDNA damage and de-equilibrium of mitochondrial functions. 27 TFAM is one of the key components involved in maintaining mtDNA integrity and mitochondrial functions. However, its roles in mediating the biological effects induced by radiation, and how it is regulated, require further exploration. Previous evidence showed that TFAM increased mtDNA copy numbers and maintained cytochrome C oxidase activity in irradiated lung cancer cells. 26 Xie et al 28 reported that downregulation of TFAM inhibits lung cancer cell tumorigenesis through reducing cellular F I G U R E 5 U-2 OS cells were pretreated with ku55933 or SB203580 and then irradiated with 4 Gy γ-rays. Phosphorylated ataxia-telangiectasia mutated kinase (P-ATM), phosphorylated p38 (P-p38), and mitochondrial transcription factor A (TFAM) were analyzed by immunoblotting at the indicated time points. **P < .01 F I G U R E 6 HCT 116 cells were pretreated with ku55933 or SB203580 and then irradiated with 4 Gy γ-rays. Phosphorylated ataxia-telangiectasia mutated kinase (P-ATM), phosphorylated p38 (P-p38), and mitochondrial transcription factor A (TFAM) were analyzed by immunoblotting at the indicated time points. **P < .01
bioenergetics, activating the ROS-mediated JNK/p38 and p53/p21 signaling ways. Lee et al 29 found enhanced TFAM expression in glioma.
In TFAM knockout mice, massive apoptotic embryos were observed. In a heart-specific TFAM knockout mouse model, increased apoptosis levels in heart were observed. 30 Depletion of TFAM resulted in the upregulation of the levels of apoptotic proteins (BAX, caspase 3, and caspase 9 cleavage), as well as tumor suppressor p53, phosphorylated p53 (ser15), and p21 in non-small-cell lung cancer cells, which led to cell cycle arrest and the induction of apoptosis. 28 Our study showed that radiation stimulated the levels of TFAM mRNA and protein in different cancer cells, and knockdown of TFAM reduced the colonyforming capability and increased apoptosis rates in irradiated cells.
These results were consistent with the findings that TFAM knockdown cancer cells showed increased sensitivity to cisplatin and doxorubicin treatment. 9 Clinical studies have also observed that high TFAM expression was correlated with lower patient survival rate in than that for patients with TFAM-positive endometrioid adenocarcinoma. 34 These findings suggested that TFAM expression might be a useful marker for the progression of tumors and a potential target for improving tumor therapy outcomes.
Nuclear respiratory factor-1 is the canonical transcription factor controlling the expression of TFAM. 6, 7 It has been reported that other regulators, such as AMPK 35 and nuclear factor-κB, 36 activation of p38 by ATM under stress conditions, including radiation. 43 Our work confirmed that in irradiated cells, suppression of ATM resulted in decreased phosphorylation of p38 and attenuated induction of TFAM expression. Fu et al 35 found that ATM-dependent AMPK activation promoted the expression of TFAM in etoposide-treated cells. Our work showed that ATM could regulate TFAM through p38-dependent regulation of mRNA stability. This finding brought new insight into the regulation of mitochondrial functions by DNA damage responses.
In conclusion, the current work provided evidence to show suppression of TFAM, a regulator of mitochondrial biogenesis, could decrease the survival of cancer cells after irradiation, which might be a potential technique to increase cancer cells' sensitivity to radiotherapy. We also clarified an ATM/p38-dependent and 
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